These authors contributed equally to this work Molecular systems are materials that intersect with many different promising fields such as organic/molecular electronics and spintronics, organic magnetism and quantum computing 1-7 . Particularly, magnetism in organic materials is very intriguing: the possibility to realize long-range magnetic order in completely metal-free systems means that magnetic moments are coupled to useful properties of organic materials, such as optical transparency, low-cost fabrication, and flexible chemical design. Magnetic ordering in light elements, such as nitrogen and carbon, has been studied in magneticedged graphene nanoribbons 8 and bilayers 9 , and polymers 10 while in organic thin films most of the investigations show this effect as due to the proximity of light atoms to heavy metals, impurities, or vacancies 11 . Purely organic radicals are molecules that carry one unpaired electron giving rise to a permanent magnetic moment, in the complete absence of metal ions. 12-14 Inspired by their tremendous potential, here we investigate thin films of an exceptionally chemically stable Blatter radical derivative 15 by using X-ray magnetic circular dichroism (XMCD) 16-18 . Here we observe XMCD at the nitrogen K-edge. Our results show a magnetic ordering different than in the single crystals and calculations indicate, although weak, a long-range intermolecular coupling. We anticipate our work to be a starting point for investigating and modelling magnetic behaviour in purely organic thin films. The tuning of the magnetic properties by the molecular arrangement in organic films is an exciting perspective towards revealing new properties and applications.
degradation due to film aging and air-exposure). The investigations require high signal sensitivity: a single magnetic moment is associated to the large molecular volume. An important issue is also achieving very low temperature, simultaneously to the presence of high magnetic fields to reach magnetic saturation. In fact, purely organic radicals are predicted to be paramagnetic down to very low temperatures 13 . We selected a chemically super stable Blatter radical derivative, (Blatter-pyr, Figure 1a ) 15 designed to have very good film forming properties and film stability. 15 XMCD was the technique of our choice. It is an element-specific technique based on the absorption of polarized X-rays due to electron transitions from core levels to unoccupied states, a well-established method to access spin and orbital angular momenta in transition metals, identifying their magnetic behaviour [16] [17] [18] 23 . Despite the XMCD well-known capabilities, the measurements of metal-free organic films required exceptional facilities to overcome all challenges. The experiments were performed using a newly developed ultra-low temperature setup equipped with a superconducting vector magnet allowing magnetic fields of up to ±7 T in the horizontal direction and ±0.5 T in the vertical direction, and a cryogen free 3 He- 4 He dilution refrigerator, allowing experiments down to 100 mK. 24 This unique portable setup features an ultra-high vacuum (UHV) preparation chamber that allowed growing the radical films by organic molecular beam deposition under controlled conditions, and transferring them to the measuring chamber without breaking the UHV. This led to the investigation of thin films free from contaminants because catalysts, solvents and air exposure may affect the intrinsic film properties. We applied a magnetic field at very low temperature, to align the magnetic moments in the direction of the field, we shined polarized light, and the absorption spectra once with left and once with right circularly polarized light was measured ( Figure 1b ). XMCD is defined as the difference between the two absorption signals. We focus on the N K-edge absorption spectra at 0.15, 1.1 and 10 K, respectively, with a magnetic field of +7 T. We observe a clear dichroic signal ( Figure 2 ). The signal reverses sign upon reversal of the magnetic field (extended data. Figure 1 ) confirming that the dichroism is real (magnetization reversal is equivalent to switching the helicity of the polarized light).
The XMCD intensity is proportional to the magnetization, following its behaviour versus temperature gives specific information on the magnetic character of the system 16, 25 . The results are shown in Figure 2 : the XMCD integrated intensity calculate in the *-region (396-402.5 eV) decreases with increasing temperature, and it almost vanishes at 10 K. An analogous dependence is observable in the *-region. This behaviour is surprising because the Blatter-pyr single crystals are antiferromagnetic (Weiss constant T = -21.6 K 26 ), in which case no XMCD should be observable. Thin films can have considerably different structural, transport, electronic and magnetic properties with respect to their bulk counterpart 25, 27 . In particular, the antiferromagnetic character of the Blatter-pyr crystals depend on a delicate adjustment of the slippage angle 26 . We performed first-principles density functional theory calculations and calculated the energetic configuration of the antiferromagnetic and the ferromagnetic order.
They are very similar: the antiferromagnetic configuration is more stable by only ~2 meV.
To shed light on the film structural properties and their correlation with the magnetic character, we performed near edge X-ray absorption fine structure (NEXAFS) spectroscopy because NEXAFS dichroism allows determining the orientation of the molecules with respect to the substrate. 28 . By analogy with the C K-edge NEXAFS spectra of pyrene and pyrene-based molecules, 29,30 we identify two main regions: the π* region up to around 290 eV and the σ* region above 290 eV. The main resonance at around 286 eV can be identified as due to the carbon atoms of the pyrene substituent 29 . Both C and N K-edge theoretical curves calculated for a ferromagnetic configuration reproduces all main experimental features, as shown in Figure   2 and 3. The average orientation of the molecular pyrene plane calculated on the feature at 286 eV (Figure 2e ) is 29°. This indicates a tendency of the molecules to arrange with the pyrene plane prevalently going parallel to the substrate, a behaviour often found in organic thin films because of the molecule interaction with the substrate 27 . To investigate the NEXAFS spatial dependence, we simulated the K-edge curves for both C and N species varying the direction of the polarization (ei) of the incident electric field along the cartesian axis. The results are summarized in Figure 3 : the spectral intensities are clearly modulated by the relative direction of the incident radiation with respect to the orientation of the molecules in the cell. However, the radicals are neither planar nor parallel oriented in the cell, justifying the differences in the relative intensities between the experimental and averaged simulated spectra in Figure 3 , and, therefore, supporting the result of a non-unique and non-parallel arrangement of the molecules with respect to the substrate.
We also checked the agreement between theoretical and experimental curves for core level and valence band photoelectron spectra (extended data, Figures 2 and 3 ). Once again, the agreement is excellent, confirming that the film electronic structure can be fully described by the ab-initio calculations. The crystal magnetic moment of the ferromagnetic phase is B=4.0 Bohr mag, which is the sum of the single molecule contributions per cell. This reflects on the density of states (DOS, Figure 4b ) that closely derives from the coherent superposition of the molecule spectra, where each radical exhibit an unpaired single occupied (SOMO, SO) and the single unoccupied (SUMO, SU) molecular orbitals 31 . A closer inspect of the electronic properties indicates that, albeit weak, there is a long-range intermolecular coupling in the crystal. This is evident, e.g., from the band structure (extended data, Figure 4 ): (i) the molecular-derived bands are not fully degenerate, but rather split in a four-fold gather manifolds; (ii) the SO and SU bands have k-dispersion of ~100 meV across the Brillouin zone. SO and SU states, which are responsible for the magnetic character of the radical, are -orbitals with a net contribution from both carbon and nitrogen atoms. Even though the magnetic origin of the radical is formally due to the presence of an undercoordinated N atom, the charge spin-density distribution (i.e.,  up - dw ) is spatially delocalized all over the molecule and not centred on the nitrogen site 19 .
NEXAFS spectra mirror this delocalisation, as shown in Figure 3 (b and d), where we superimposed the spin up and spin down components of the electronic density of states projected on the 2p states of C and N species. While the 2p-like components of SOMO and SUMO contribute to the lowest energy peak of C K-edge at the Fermi level, the lowest energy peaks of the N spectrum do not involve electron transitions to frontier unpaired orbitals. This highlights a non-trivial interplay between C and N bonding in the magnetic properties of Blatter-pyr and marks a distinctive difference with respect to most molecular magnets, where the magnetic spin-density is localized around the metal magnetic ion, simply coordinated to the carbon-based molecular skeleton. In our case, the spatial distribution of unpaired orbitals favours the intermolecular interaction in the packed solid-state arrangement, allowing for a long-range magnetic order.
The difference between the spin-polarized DOS for the up and down spin channels ( Figure 4b) found for the ferromagnetic phase sheds light on the origin of the XMCD. The polarized light excites 1s photoelectrons belonging to nitrogen atoms and having opposite spin polarization, i.e., up or down, to the unoccupied states (* and * states). XMCD is used to investigate systems where the initial state shows spin-orbit coupling that causes the dichroism. This is not the case for the 1s core levels. The presence of XMCD at the K-edge has be understood in relationship with the unoccupied states, as done for classical magnetic systems 23 . In other words, the XMCD reflects a difference in the DOS for spin up and spin down. Although this is a very simplified approach, more precise modelling is needed, the calculated DOS spin up-spin down difference reflects the experimental findings of a dichroism (Figure 4c ). Conversely, the DOS of the antiferromagnetic configuration, typical of the bulk, does not lead to any difference, as expected (extended data, Figure 5 ).
We have demonstrated magnetic dichroism in thin films of purely organic radicals and shown that the magnetic behaviour in the films is different than in the bulk, because of the different 
METHODS
Experimental section. The molecules were synthetized as described in Ref. 15 Thin film were grown in UHV by using organic molecular beam deposition (OMBD). All measuring stations were equipped with preparations chambers that allowed installing the same calibrated Knudsen cells, therefore using always the same preparation protocol. XPS measurements were performed in an UHV system consisting of a substrate preparation chamber, an OMBD-dedicated chamber, and an analysis chamber (base pressure 4 x 10 -10 mbar) equipped with a SPECS Phoibos 150 hemispherical electron analyzer and a monochromatic Al Kα source (SPECS Focus 500). Further information on substrate preparation, film growth, stoichiometry measurements and fit calculations are given in Ref. 15 .
UPS and NEXAFS measurements were performed at the third-generation synchrotron radiation source Bessy II (Berlin, Germany) at the LowDose PES end-station, installed at the PM4 beamline (E/ΔE=6000 at 400 eV) that included substrate preparation and film deposition facilities like those described above for the XPS station. The UPS measurements were carried out in single bunch mode with a SCIENTA ArTOF electron energy analyzer, the NEXAFS measurements in multibunch hybrid mode (ring current in top up mode=300 mA, cff=3, 100 μm exit slit). The NEXAFS spectra were measured using linearly polarised light, in normal and in grazing incidence (30° to the surface) and normalized by taking the substrate signal and the ring current into account 32 .
The XMCD experimental setup 24 was installed at the XUV Beamlime P04 at the PETRA III synchrotron (Hamburg, Germany). At the Beamlime P04 each absorption edge could be scanned in a very short time, from few minutes down to several seconds, and the beam exposure minimized with a shutter. A magnetic field (± 7 T) was applied in the horizontal direction, collinear to the incoming photon beam. The measurements were carried out in normal incidence. Each element-resolved absorption curve was obtained averaging up to 54 scans, each measured on a fresh point on the film surface. A linear background was subtracted from the circularly polarized absorption curves before calculating XMCD.
All absorption spectra were recorded in total electron yield. The spectra were scaled to give an equal edge jump. We have taken all precautions necessary to avoid radiation damage (e.g., short beam exposure, shutter protection). All samples were carefully monitored for radiation damage during beam exposure. All measurements were performed on freshly prepared films. The molecular crystal was simulated by using periodic supercell. The initial structure was extracted by X-ray experimental data. Then the structure was fully relaxed until forces on all atoms became lower than 0.03 eV/Å− 1 . The Blatter-pyr crystal is simulated in a triclinic unitary cell of dimensions a= 13.65 Å, b=5.11 Å, c=28.24 Å, a=90.00°, b=99.47°, g=90.00°, which includes four inequivalent molecules as shown in Figure 3 .
Calculations
NEXAFS spectra for carbon and nitrogen K-edge were simulated by using the first-principles scheme based on the continued-fraction approach and ultrasoft pseudopotentials as implemented in the Quantum ESPRESSO package 38 . The reference 1s core level states were obtained by replacing the pseudopotential of a selected C (N) atom with another one, which simulates the presence of a screened core hole. Since the molecule includes inequivalent carbon and nitrogen atoms, we repeated the NEXAFS calculations for each C and N of the radical and we averaged the resulting spectra. X-ray spectra for each atom were also repeated changing the direction of the polarization ei of incident electric field along the three cartesian axes. 
